We report 4 children with encephalitis associated with human bocavirus (HBoV) 1 or 2. All children were severely underweight, and 2 died; 1 of them had a matching HBoV2 nucleotide sequence isolated from serum and bocavirus like particles in the cerebrospinal fluid that were observed with electron microscopy. No further pathogens were detected in the cerebrospinal fluid of these patients.
Encephalitis is an important cause of morbidity and mortality worldwide. In the industrialized countries of Europe and America, the annual incidence of acute encephalitis is 7.3 cases per 100 000 persons [1] . Up to 71% of these patients experience lasting sequelae, and up to 7.4% die [1, 2] . A myriad of infectious agents is associated with encephalitis, such as herpes simplex virus, which is common in adults, and the varicella zoster virus and enterovirus, which are common in children [2] . The cause of 70%-85% of cases of encephalitis worldwide remains unknown, despite the use of a wide range of diagnostic methods [3, 4] . This indicates the presence of unknown agents or known pathogens that normally infect other organs but are not expected to cause encephalitis.
Because hematogenous spread is the most common route that viruses take to enter the central nervous system and cause encephalitis, we focused our attention on the human bocavirus (HBoV), which is able to cause viremia [5] and, therefore, has the potential to disseminate to other parts of the body to initiate infection. In children, HBoV1 is prevalent in respiratory and enteric infections. Three more related human bocavirus species, named HBoV2-4, have been found preferentially in stool; HBoV2 has been associated with gastrointestinal disease [6] . Encephalitis-causing viruses such as enteroviruses use the gastrointestinal tract as a route for infection. We therefore hypothesize that HBoV1-4 may cause encephalitis in children. In this study, we did not limit testing to the detection of HBoV but also evaluated for other diarrheagenic viruses, including rotavirus, norovirus, adenovirus, and astrovirus, as possible causes of encephalitis.
METHODS

Patients
The study was conducted at the hospital of the Institute of Child and Mother Health (ICMH) situated in Matuail, Dhaka, Bangladesh. The study occurred from April 2009 through March 2010 and was approved by the ethics committee of the ICMH. A total of 79 children were enrolled during the study period, and 69 gave consent to participate in the study. The male-female ratio was 2:1.3, and the mean age was 40.4 months (range, 4-144 months). The parents gave their consent for participation in this study. Encephalitis was defined as the presence of fever, convulsion, and unconsciousness, with or without signs of meningeal irritation [7] . Cerebrospinal fluid (CSF) and serum samples were collected from each patient. The nutritional status of the patients was determined using the World Health Organization child growth standards.
Routine Laboratory Investigation
CSF samples were subjected to macroscopic and microscopic examination, and were cultured for bacteria. Total and differential white blood cell count, erythrocyte sedimentation rate, hemoglobin and C-reactive protein (CRP) levels were determined.
Pathogen Detection and Identification
Encephalitis-causing pathogens and diarrheagenic viruses (rotaviruses, astroviruses, noroviruses and adenoviruses) were determined in the CSF by polymerase chain reaction (PCR). Employed primers and their corresponding references are detailed in Supplementary Table 1. HBoV was detected by nested touchdown PCR that targeted the VP1/2 region of HBoV1-4 [6] . PCR analyses were repeated to confirm the results. The procedures were performed separately in a clean environment, and each time a negative control was used during PCR to rule out contamination.
Nucleotide Sequence and Phylogenetic Analysis
Nucleotide sequences of all amplicons were obtained using a BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems) to confirm the identity of the PCR products, to distinguish the respective HBoV species and to perform phylogenetic analysis. Phylogenetic analyses were carried out with the neighbor-joining method using Mega 5 software.
Antibody Responses Against HBoV
HBoV1-4-specific immunoglobulin (Ig) G and IgM responses in serum and CSF samples were determined by enzyme-linked immunosorbent assay [8] .
Electron Microscopic Observation
HBoV-positive CSF and serum samples were concentrated by 30% sucrose cushion ultracentrifugation. A portion of the concentrate was then applied to a carbon-coated copper grid, stained with 2% uranyl acetate, and observed under a transmission electron microscope.
RESULTS
HBoV DNA was found in the CSF of 4 (5.8%) of the 69 children. Phylogenic analyses demonstrated HBoV1 in 2 children and HBoV2 in the other 2, of whom 1 was also viremic (Supplementary Figure 1) . In addition, rotavirus was detected in the CSF of 2 additional patients, and Neisseria meningitides in 1. No other pathogens could be detected in these samples.
A nucleotide identity of 100% for the HBoV2-VP1/2 gene was found between the strains detected in the CSF and the corresponding serum (GenBank accession Nos. AB666091 and AB666092) of patient 1. Table 1 shows the profiles of the patients with HBoV-associated encephalitis, the available laboratory investigations, the treatments, and the outcomes.
None of the 4 children with HBoV DNA in their CSF had a specific serum IgM response against HBoV1-4. Patient 2 had low serum IgG levels for both HBoV1 and HBoV2, whereas patient 4 had low-level IgG only for HBoV1. None of the CSF samples were HBoV antibody positive (Table 1) .
In the CSF sample from patient 1, 20-24 nm hexagonal particles suggestive of HBoV were observed (Supplementary Figure 2) . Such structures were absent in other CSF and corresponding serum samples.
Phylogenetic analysis (Supplementary Figure 1) demonstrated that 2 of the HBoV strains identified in the CSF of children in our study shared a 99% nucleotide identity and
Supplementary Table 2 shows the clinical and available laboratory characteristics of children with rotavirus and N. meningitides-associated encephalitis.
DISCUSSION
The reference standard for diagnosis in encephalitis is virus isolation in cell culture, but this method has now been replaced by the detection of specific nucleic acids from the CSF or brain [9] . We report here the detection of HBoV1 or HBoV2 in the CSF of 4 of 69 children with severe encephalitis. The detection of HBoV and the lack of any other identifiable pathogens in the CSF raise the possibility that HBoV was the cause of the encephalitis symptoms in our patients. This possibility is also supported by the visualization of HBoV-like particles in the CSF by electron microscopy. In this study, we were able to detect HBoV2 in the serum of 1 patient, and the HBoV2 viremia coincided with the exhibition of symptoms. Viremia with HBoV1 has been documented in respiratory infections [5] , is generally short lived, and is thus considered an excellent marker for acute primary infection [10] . However, HBoV2 viremia has, to the best of our knowledge, not been reported elsewhere. This lack of reported viremia detection is consistent with a short viremic phase also for HBoV2.
Although HBoV is able to induce significant antibody responses in children with pneumonia [10] , HBoV-specific IgM responses could not be detected in our CSF samples. This is not unusual, because CSF antibodies are not always present in proven cases of encephalitis [11] . In the present study, a short hospitalization period hindered the collection of paired serum and CSF samples for further investigation. All patients with HBoV encephalitis were severely underweight. Immunosuppression caused by the malnourishment of these children may have contributed to their lack of serologic responses in the acute phase.
The outcomes of the patients infected with these viruses were not benign: 2 of them died. We do not know the fate of the other 2 children, because they left the hospital at their parent's wishes. This is not an uncommon practice in Bangladesh, because the cost of living in the city is unaffordable for people coming from rural areas.
The results of CSF investigations in all the HBoV-positive patients were within normal limits, which is not an unusual finding for viral encephalitis [4, 11] , and this may have occurred in our patients because of an impaired inflammatory response associated with their malnourished condition. Since pleocytosis was absent in these patients, it could be argued that a In children aged 6 months to 6 years, anemia is defined as hemoglobin levels ,11 g/dL. The normal reference value for ESR is #20 mm/h; for CRP, ,0.2 mg/dL.
b All CSF samples were negative for HBoV-specific antibodies.
they should be classified as having encephalopathy [12] . Cranial computed tomography or magnetic resonance imaging is recommended for the diagnosis of encephalitis/encephalopathy, but because of the financial limitations of the patients, it was not possible to pursue these investigations. Interesting results were obtained for serum levels of CRP, in that 3 patients showed high levels. Moreover, in the patient with the highest CRP level, HBoV2 was also detected in the serum by PCR, and bocavirus like particles were observed in the CSF with electron microscopy. The sequences of the HBoV2s detected in the CSF and the corresponding serum were similar, indicating that the same virus entered the CSF from the blood. Although this may indicate that HBoV encephalitis is caused by the hematogenous route of the virus, the mechanism by which the blood-brain barrier is disrupted during HBoV infection certainly needs elucidation. Full genome nucleotide sequencing of these HBoVs is needed to determine whether the dissemination of HBoV to the CNS is host related or associated with viral mutations leading to altered cell tropism or to changes in gene expression that result in viral pathogenesis.
In conclusion, we are beginning to understand the significance of HBoV1 and HBoV2 as pathogens. Further studies are needed to determine whether HBoV3 and HBoV4 can cross the blood-brain barrier and to what extent HBoVs cause encephalitis or encephalopathy in other countries. Overall, human bocaviruses should be considered in pediatric cases of encephalitis.
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